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HYUKID Ul'I'EK SUKFACl- MLOWN FLAJ' I'ROI’ULSIVli-LIIT CONCUi'T 
FOR THE QUIET SHORT-HAUL RESEARCH AIRCRAIT 

Joliii A Cochrane^ utid Rolicrt J. 

Ames Ruscureli Ceiilur, NASA, Moirell Held t tfUftirnla 94035 


Abstract 


liilrodiicllim 


Tfic hybrid upper surruee blowlim concept consists of wing- 
mounled lurbofan enitincs with a major portion of the fan exhaust 
directed over the wing upper surface to provide higli levels of 
propulsive lift, but witli n portion of tlie far, airllow directed over 
selected portions of the airframe to provide boundary layer con- 
trol, NASA-sponson^d preliminary design studies identified tlie 
liybrld upper surface blowing concept os the best propulsive lift 
roncept to be applied to tlie Quiet Short-Haul Researc'* Aircraft 
(QSRA) tliat Is planned as a flight facility to conduct fiiglit 
rcscatch at Jov,* noise levels, higli approach lift coefficients, and 
steep approaelies. Data from NASA in-liouse and NASA-sponsored 
small and large-scale wind tunnel tests of various configurations 
using tills concept arc presented. 

Nomenclature 


b 

BLC 

Cl 

CLq«o 

CLck=-2'> 

^C,nax 

C/ 

Cn 

Ct 

Cp 

L 

Ptg/^oo 

q 

s 

V 

w/s 

a 

Sp 


B wingspan 

= boundary layer control 
= lift coefficient, 

- lift coefficient at zero angle of attack 
= lift coefficient at an angle of attack of-2“ 

° maximuni lift coefficient 

= rolling-nioment coefficient, jjgjj 

, . . yawing moment 

= yawing-moment coefficient, 

= thrust coefficient, 

qa 

= blowing momentum coefficient, 
gross thrust from BLC nozzle 
qS 

= lift 

total pressure at engine nacelle exit 
= pressure ratio, tunnel stmicpHs - s liTS 

= free-stream dynamic pressure 

= wing area 

= velocity 

= wing loading 

= angle of attack 

= deflection angle of the trailing edge flap 


Early stidles oflow cost propulsive-lift researeli aireraft led 
to the concept of tlie hybrid uppersurface biowing system. In 
this concept, tlie major portion of tiic tiirbofun exliaust air is 
blown over tiie upper surface of Hie Maps to provide lift augmen- 
tation, but a portion of tlie turbofan air is used for boundary 
layer control. In the various applications of tlie concept, tlie 
blowing for tlie boundary layer control may be applied to Itic 
leading edge, llic flap knee, tlie flap trailing edge, the aileron, or 
to combinations of these locations, Figure I sliows tlie arrange- 
ment of tills type of liybrid uppersurface biowing sysleni 
schematically. 

The Quiet Sliorl-Haiil Research Aircraft (QSRA) is a 
propulsive-lift aircraft intended to be used as a facility for 
terminal area operations flight rcscarcli directed toward tlie 
development of design and certification criteria. It is a modifi- 
cation of the C-8A Buffalo and uses four VF-102 turbofun cn^ncs 
and an advanced propulsive-lift wing. Features of the QSRA 
Include a steep approach capability at high lift coefficients and 
at low noise levels with margins for safe engine-out operation. 

i’rellminary design studies, summarized in references i and 
2, Identified the liybtid uppersurface blowing system as tlie pre- 
ferred propulsive-lift concept for tlie QSRA, 

Small and large-scale experimental programs were initiated 
to study tlie aerodynamics of these concepts for application to 
the QSRA. Tliis paper reports some of tlie results of these 
experimental programs, 

Small-Scale Hybrid Upper Surface Blowing Tests 

A series of small-scale wind tunnel tests of tlie trailing edge 
blowing version of the upper surface blowing (USB) concept was 
conducted by tlie Lockliced-Gcorgia Company. The tests were 
conducted under contract to Ames Rcsearcli Center and arc 
reported in reference 3. Figure 2 is a photograph of the model 
used in tticsc tests and Fig. ? presents the principal dimensions 
of tile model. Significant daia concerning tlie effects of nacelle 
cliordwisc location, nacelle nozzle configuration, flap knee 
blowing, and flap trailing edge deflection were obtained. 

Figure 4 summarizes the results of a series of tests to study 
the effect that USB exhaust nozzle chordwise position has on 
lift coefficient. For the three positions tested, the effect Was 
small but showed tliat a forward location resulted in a hlglicr lift 
coefficient. Configuration studies showed that structural and 
balance considerations limited how far forward the nacelle/ 
engine could be located, and, since tlie aerodynamic effect is 
small, these factors would predominate in tiic selection of a 
chordwise location. All other factors being equal, however, a 
forward location would be preferred. Figure 5 shows tiic results 
of a study of the effect of various nozzle configurations. The 
basic nozzles were rectangular in cross section with an aspect ratio 
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of 4.0. A (k‘ncctar plntc wus uitaclicil to (he lop siirfULV of (he 
l'nIi nozzle ittui tested tit delleettons of 0®, 10°, amt 20°. Tliese 
denectloiis resulted in “klckdown'* anples of 20°, 30°, and 40°, 
respectively. In mtdition, (lie nu/./ie was tested wttii the deflector 
set at 10° and witli side plates added to inlilhit spanwlse How. 

Tlie data sliowed tliat the plates used to inlilhli s|ianwise spread- 
ing were detrlineiital to perrorinaiice mul that ilie hiplier nozzle 
deilector plate deflections Improved performance. This Is hclicved 
to be due to spreading of tlie jet efilux wliicli results In a more 
favorable ratio of Jet liuiglit to flap radius. Low values of lids 
parameter liave been sliown to improve turning of tlie jei eftliix. 

Tlie effect of various trailing edge tlap blowing arrangements 
is summarized in Pig. 6. 

Variation number 1 was n conventional upper surface blow- 
ing arrangement and variations 2, 3, and 4 consisted of USU in 
combluatton with internal blowing at (lie tlap knee, at tlie flap 
trailing edge, ami at botli of these locations simultaneously. 

Data were taken for nozzle pressure ratios ranging from 1,2 to 
1.6. Tlie effect of pressure ratio at a constant value of ttinist 
coefficient was found to be negligible. As sliown in Pig. 6, tlie 
greatest improvement in lift coefficient occurred ns a result of 
internal blowing at the flap knee. Data presented later in tills 
paper, and the results of other studies, indicate tliat tills phcnoin- 
cnon is configuration-sensitive and that fla|>-knee blowing would 
not result in large increases in lift coefficient for USB systenis In 
wlitch the ratio of jet hciglit to flap radius is small. An advantage 
of flap-knee blowing is that smaller radius flaps may be used in 
order to simplify stnictural and mechanical design. As will be 
shown later, other techniques arc also avallabir to permit tlie 
use of smaller flap radii. 

Figure 7 sliows the effect of deflection of u small control 
flap, located at the trailing edge of tlie main flap, for various 
thrust cocfnclcnts at an angle of attack of 0°. A flap of this sort 
Is useful as a flight path control device because it lias relatively 
low hinge moments and can be actuated at higli rates. 

A comparison of tlie slopes of the lines for tlie three thrust 
coeffleients in Pig. 7 shows that the effectiveness of tlic control 
(lap increases with increasing thrust cocfilcient. The basic data 
from whlcli Fig. 7 was derived showed that at a tlirust coefficient 
of zero (no USB blowing) the control flap was almost com- 
pletely ineffective. Tims, tlie mechanism by which the control 
flap provides fliglit path control is primarily one of variation In 
the flow turning angle and is thus equivalent to thrust vectoring. 

Large-Scale Hybrid USB Tests 

Based on the above results, an existing 42-fl wing span 
model was modified for a large-scale test of the fla|>knee, 
boundary-laycr-control (BLC) version of the liybrid USB 
c;acepl. 

A photograph of this model Is sliown in Pig. 8 and (lie 
principal dimensions are given in Fig. 9. The model was powered 
by five JTl 5 D- 1 engines. Four of tlie engines were used to pro- 
vide for conventional upper surface blowing and tlie fiflti engine 
was used to provide for independently variable fla|>-kncc BLC. 
The aileron was undrooped and was not blown. Fixed leading 
edge slats were provided as was a variable control flap at tlic 
trailing edge of the main flap. The USB engine nozzles were 
configured to represent a nozzle using a separate core exhaust 
(split flow) that was not turned with tlic main ‘Tan” flow; a 
special nozzle was required to accomplish tliis since tlic JT15D-1 
engine is a mixed flow cn^nc. The results of this test program 
are presented in reference 4. 


Tlie objective of the Lirgc-scule tesK was to evaluate the 
olTeel of various conligurations on perforii aiue. with partiiMlar 
emphasis on eiigli:e-out performance. Iniliid 'csting was direcied 
at delerinlnlng the 0 |)liimim nozzle deflecto<' (ilaie position, t ig- 
ore 1 0 shows the result of this evaluation witu the imniiici 4 
engine Inoperative. These data show that inr reiscd deflector plate 
ilellcclion improved the available lift coel'li'.'teni and also rediiccd 
I lie engine-mil rolling moment. Witli all e'ignies operative. Ilieii 
was a similar incraase in lift coerfident hat. of course, lliere were 
no asymtiielric lift forces to generate a 'oiling moment. As dis- 
cussed earlier in coimccliori willi the smpll.ricalc tests, the higher 
deflector plate defleelloiis appear to provide a mote favorable 
ratio ol'Jet lieiglK to flap radius, tims improving How lurnliigi 
improved flow (liming results in the higher lift coefrident. Tlic 
spreading of the flow (wiiicli reduces tlie jet liciglit) also improves 
spanwlse distribution In the engine-out case ;iid tliereby raduccs 
the ciigine-out rolling monient. 

An iiivcsligalion was made to determine the cffectiveitess of 
llap-kiiee BLC, Figure 11 presents the results of this investigation 
for the nlt-eiigines-opcratlvc case at a thrust coefficient of 2,0 and 
for two main Dap deflections. At the low flap deflection (repre- 
sentative of a takeolf flap selling), tlie effect of BLC (Cji ° 0.14) 
on lift coeffieient was ncgiigiblc. However, at the liigli flap 
dcfleclloti (represeiilPtlve of a laiuling flap setting), a substantial 
improvement in lift coefficient was observed at = 0. 1 3, Fig- 
ure 12 sliows tlic effect of BLC (C/i = 0.17) for the same (lap 
deflection aild tlirust coefficient, but with the number 4 engine 
inoperative. In tills case the improvement In lift coefficient is 
less but the stalling angle of attack has been increased and both 
rolling and yawing moments liavc been reduced. Figure 13 is 
similar to Fig. 12 except that thrust coefficient has been reduced 
to a value of 1 .0, Cn >= 0.084, and the trailing edge control flap 
Ims been defieded 20°. This is the equivalent of a greater main 
flap deflection and a more severe turning requirement. In this 
case, a greater improvement In lift coefficient occurs but of more 
iniportance arc the relatively large reductions in rolling and yaw- 
ing moments. Tliese data show that flap-kuee BLC can bo bene- 
ficial, but tliat the benefits to be derived arc highly configuration- 
dependent. 

As witli the small-scale model, the use of a trailing edge flap 
for flight path control was investigated. Figure 14 shows the 
variation in flight patli angle as a function of control flap defiec- 
tion for a tlirust cocfficieiit of 1.0 at an angle of attack ofQ°. A 
comparison of these data witli tlic data presented in Fig. 7 shows 
that for the same thrust coefficient (Cx = 1.0), the control flap 
was more effective on the sniall-scnle model than on the large- 
scale model. This Is probably due to tlic differences in configura- 
tion, particularly flap deflection (60° vs 82°). It should be noted 
flint the “nominal” fliglit paths shown in Figs, 7 and 14 arc not 
as steep as those normally envisioned for STOL aircraft during 
upproacli. Tills is because of the fact that the models were not 
configured as complete aircraft and, therefore, did not have all 
of the sources of drag that would be present In an actual aircraft. 
In the large-scale model, for example, there was no landing gear 
or horizontal tail and the model was untrimmed longitudinally. 
The QSRA studies* showed that steep .ippro.aclics can be 
achieved at approach speeds that arc compatible with short field 
operation (60 to 70 knots) wlien the drag of an appropriately 
configured airplane is accounted for. 

Small-Scale Semi-Span Hybrid USD Test 

A small-scale wind tunnel test program was conducted by 
Tlie Boeing Company to determine tiic effectiveness of vortex 
generators and internal blowing BLC to improve the engine 
exhaust jet turning over the USB flap system. Results of the 
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Iiist, wliioli wus co;ulucU'(l under coninict 10 Allies Kesenrdi 
Center, ure in reference 5. Figure I S is u |iholuuru|)U 

uiid Pig. 1 6 Is a sketch of the model used in this lest. Tlie Jet 
exhmi.st nor.r.le was a tow aspect ratio cruise type. 

Installation of vortex generators In the engine exhaust just 
forward of the USD llap knee resulted in u significant increase in 
lift coefllcient us stiown In Fig. 17 for u Hup setting representative 
of u typical approuch/tanding configuration, Tlie effectiveness 
of tile vortex generators improves with Incntuslngjel energy. For 
exumpie, vortex generators increase Cl by l.O at approach 
thrust ond. at liigli liirust levels (Cf = 3,0), i|ic Cl improvement 
is 2.3. Tlie lift coefficient levels arc compared at a»-2® to 
avoid nonlinearitles in Cl vs a and to represent the liiglicr 
geometric angles of attack of interest since angle of attack, in 
this quasFtwo-dimcnslonal test configuration, represents much 
lilglicr angles of attack for a tlirce'dinienslonnl case because vortex 
effects on downwasii are minimal with tills model/tunnel contlgu- 
ration. The Increased Cl is partly due to improved flow attach- 
ment over the USD flap and partly due to spreading of the jet 
exhaust by tlie vortex generators. Botli tlie Jet spreading effect 
and the improved Jet turning can be seen in the oil flow plioto- 
graphs of reference 5, 

Compared to vortex generator, BLC blowing at the knee 
of the USD flap was less effective except at low engine power 
settings. Figure 18 shows that Cl increased by about the same 
omount at approach thrust for both methods of boundary layer 
control; however, C',., improvement was only 0,6 at Cj “ 3 for 
BLC blowing at the flap knee. 

A comparison of boundary layer control when using vortex 
generators and when using blowing at the USB Hnp knee is shown 
in Rg, 19 fora flap setting of 35® /60“. Thetis lethodsshow 
an equivalent improvement In Cl at approach liinist and show 
an advantage in using vortex generators at the higher engine thrust 
levels. Blowing BLC at the aft USB flap segment was also investi- 
gated. Tiic results, presented in Fig. 20, sliow that blowing at this 
location was more effective tlian blowing at the flap knee and was 
more effective than vortex generators at approach thrust power 
settings; vortex generators are sliown to be superior BLC devices 
at high power settings. It should be noted, however, that ducting 
air to achieve blowing at this aft flap segment is very difficult 
in an actual aircraft. Blowing at the aft flap location is superior 
to blowing at the flap knee because blowing at tlie aft flap segment 


adds iiionicmuni to tlie jet flow In an area wliere the boundary 
luyir is dose to separation. 

Presented in Figs. 21 and 22 are outboard engme-out data 
that show USD blowing In be more effective In Improving tlie 
lift Ilian vortex generators. This Is due mainly to the BLC’ blow- 
ing enliunciiig tlie flow qualities In the flap region located behind 
tlie inoperative engine. The combined use of vortex generators 
and blowing at the flap knee further improves the lift, us shown 
in Fig. 22. 

Ctincludlng Remarks 

Three series of wind tunnel tests were completed to provide 
basic data on the characteristics of several variations of the hybrid 
upper surface blowing concept. These data show tliat tlie hybrid- 
USB concept can provide Improvements In perforinunce and 
reductions in engine-out rolling and yawing moments. However, 
the cliaracteristics observed arc highly configuration-sensitive. 
Accurate prediction of the r laractcristics of a specific configura- 
tion will require wind turmcl tests of a representative powered 
model, 
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Fig. 1 1 Effect of BLC blowing on lift coefftaent 
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Fig. 14 Effect of control flap deflection on flight path angle 
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Fig. 19 Comparison of vortex generators wilii 
flap knee blowing BLC. 
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Fig. 18 Effect of flap knee blowing BLC on lift coefficient. 
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Fig, 2 1 Effect of flap knee blowing QLC on lift coefficient 
witli the outboard cn^ne inoperative. 


Fig, 22 Effect of vortex gcncratots and llop knee blowing IlLC 
on lift coefficient with the outboard engine inoperative. 
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